Peptidoglycan recognition proteins (PGRPs) are pattern recognition receptors of the innate immune system that bind, and in some cases hydrolyse, bacterial peptidoglycans (PGNs). We determined the crystal structure of the C-terminal PGN-binding domain of human PGRP-Iα in complex with a muramyl tripeptide representing the conserved core of lysine-type PGNs. The peptide stem of the ligand is buried at the deep end of a long binding groove, with N-acetylmuramic acid situated in the middle of the groove, whose shallow end could accommodate N-acetylglucosamine. Both peptide and glycan moieties are essential for binding by PGRPs. Conservation of key PGN-contacting residues indicates that all PGRPs employ this basic PGN-binding mode. The structure identifies variable residues that likely mediate discrimination between lysine-and diaminopimelic acid-type PGNs. In addition, we propose a mechanism for PGN hydrolysis by Zn 2+ -containing catalytic PGRPs.
INTRODUCTION
The innate immune system recognizes invading microbes by means of pattern recognition receptors (PRRs) that are highly conserved in evolution to bind unique products of microbial metabolism not produced by the host (pathogenassociated molecular patterns, or PAMPs). 1, 2 Examples of PAMPs recognized by PRRs such as Toll-like receptors (TLRs), collectins, and peptidoglycan recognition proteins (PGRPs) include lipopolysaccharide (LPS) of Gram-negative bacteria, lipoteichoic acid, mannans, DNA sequences containing unmethylated CpG dinucleotides, flagellin, and peptidoglycan (PGN), present in both Grampositive and Gram-negative bacteria.
PGNs are polymers of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) in β(1→4) linkage, cross-linked by short peptide stems (Fig. 1A) . 3, 4 The glycan chains display little variation among different bacterial species. The cross-linking peptides are composed of alternating L-and D-amino acids and are similar in all Gram-negative bacteria and in Gram-positive bacilli, but vary in length and amino acid composition in Gram-positive cocci. According to the residue at position 3 of the peptide stems, PGNs have been divided into two major types: Llysine-type (Lys-type) and meso-diaminopimelic acid-type (Dap-type). A number of PRRs have been shown to interact with PGNs, including nucleotide-binding oligomerization domain-containing proteins (NODs) and PGRPs. [5] [6] [7] PGRPs, which are highly conserved from insects to mammals, [7] [8] [9] [10] [11] [12] bind PGNs with high affinity 13 and are important contributors to host defense against bacterial infections. 2 Drosophila PGRPs activate two different signaling pathways that induce production of antimicrobial peptides.
PGRP-SA interacts with Lys-type PGNs from Grampositive bacteria, which activates the Toll-receptor pathway. 14 PGRP-LC and PGRP-LE recognize Dap-type PGNs from Gram-negative bacteria and activate the Imd pathway. [15] [16] [17] [18] [19] [20] Mouse PGRP-S participates in the intracellular killing of bacteria. 13 Mice deficient in PGRP-S exhibit increased susceptibility to intraperitoneal infections with Gram-positive bacteria. 21 Bovine PGRP-S inhibits the growth of both Gram-positive and Gram-negative bacteria. 22 Certain insect and mammalian PGRPs, termed catalytic PGRPs, hydrolyze the amide bond between the MuNAc and L-alanine moieties of PGNs and probably play a scavenger role. 23, 24 The crystal structures of Drosophila PGRP-LB (a catalytic PGRP), 25 Drosophila PGRP-SA 26, 27 and human PGRP-Iα (both non-catalytic PGRPs), 28 in their unliganded forms, have been reported, showing that the overall conformation of the putative PGN-binding site is maintained across the PGRP family. To understand the basis for PGN recognition by PGRPs, for specificity differences 42 Guan, Roychowdury, Ember, Kumar, Boons, Mariuzza The PGN fragment highlighted in red corresponds to the muramyl tripeptide ligand bound to PGRP-Iα. Lys-type PGN peptides are usually cross-linked through a peptide bridge composed of 1-5 glycines. 3, 4 In parentheses is a D-alanine residue at peptide position 5 absent in PGNs from many bacteria. In Dap-type PGNs, L-lysine is replaced by meso-diaminopimelic acid and the peptide stems are directly connected. (B) Structure of the PGRP-Iα MTP complex. 29 Helices are red, strands yellow, and coils cyan. Disulfide bonds are purple. Secondary structure elements are labeled following the numbering for unbound PGRP-Iα. 28 The N-and C-termini are indicated. The bound MTP is drawn in ball-and-stick representation, with carbon atoms green, nitrogen atoms blue, and oxygen atoms red. Residues making two or more van der Waals' contacts with MTP are indicated by arcs with spokes radiating towards the ligand moieties they contact. among the many family members, and for the amidase activity of some PGRPs, we determined the crystal structure, to 2.30 Å resolution, of the C-terminal PGN-binding domain of human PGRP-Iα (designated PGRP-IαC) in complex with the muramyl tripeptide MurNAc-L-Ala-D-isoGln-L-Lys (MTP) representing the conserved core of Lys-type PGNs from Gram-positive bacteria (Fig. 1A) . 29 
RESULTS AND DISCUSSION

Interactions in the PGN-binding cleft
The PGRP-IαC structure contains a central β-sheet composed of five β-strands and three α-helices; the domain is cross-linked by three disulfide bonds ( Fig. 1B) . Superposition of free and MTP-bound PGRP-IαC gave a root-mean-square difference of 0.33 Å in Cα positions, indicating no substantial conformational changes upon complex formation. Whereas MTP clearly bound to immobilized PGRP-IαC in surface plasmon resonance assays, the binding of muramyl dipeptide (MDP) was greatly diminished, revealing a critical role for L-Lys at peptide position 3. 29 The PGN-binding cleft of PGRP-IαC is ~25 Å long, with a shallow (6-7 Å) end, flanked by helix α1 and loops β3-α1 and β6-α2, and a deep (12-13 Å) end, flanked by loops α1-β4, β5-β6 and β7-α3. The general topology of this groove is maintained in the Drosophila PGRP-LB and PGRP-SA structures. [25] [26] [27] The tripeptide stem of MTP (L-Ala-D-isoGln-L-Lys) is held in an extended conformation at the deep end of the binding groove, while the MurNAc moiety lies in a pocket in the middle of the groove, with its pyranose ring perpendicular to the base of the pocket (Fig. 1B) . The shallow end of the binding cleft is unoccupied (see below). The PGRP-IαC MTP complex buries a total surface area of 1004 Å 2 , of which 412 Å 2 is contributed by PGRP-IαC and 592 Å 2 by MTP. The interfaces with MurNAc and the tripeptide stem account for 42% and 58%, respectively, of the total buried surface. MTP is mostly (62%) buried in the PGN-binding site, with its glycan and peptide portions buried to similar extents. The PGRP-IαC MTP interface is predominantly hydrophilic but devoid of buried solvent molecules.
MTP makes extensive contacts with 16 residues lining the binding cleft ( Fig. 2A ; Table 1 ). Most of these interactions (6 of 9 hydrogen bonds and 29 of 43 van der Waals' contacts) are with the peptide, rather than glycan, portion of the PGN analog. However, both peptide and glycan moieties are essential for binding. The MurNAc moiety forms three hydrogen bonds with the side chains of three PGRP-IαC residues, two through atom O7 with Nε2 of His231 and Nη1 of Arg235, and another through O10 with Oη of Tyr242 ( Fig. 2B; Table 1 ). Four out of six hydrogen bonds to the tripeptide stem of MTP involve main-chain atoms of the peptide: L-Ala O-Arg235 Nη1, D-isoGln N-His264 O, D-isoGln Oε1-Asn269 Nδ2, and L-Lys O-Asn269 Nδ2. Except for Arg235, all residues forming hydrogen bonds to MTP through their side chains (His231, Tyr242, Asn269) are highly conserved (> 80% identity) across PGRPs, indicating a single PGN binding mode. No water-mediated hydrogen bonds are found between PGRP-IαC and MTP. 29 Approximately one-third of the PGN-binding groove, corresponding to its shallow end, is unoccupied in the complex with MTP ( Fig. 3 ). This is presumably because MTP lacks GlcNAc in β(1→4) linkage with MurNAc found in natural PGNs (Fig. 1A) . The empty portion of the binding cleft comprises a pocket that is substantially broader and shallower than the one containing the MurNAc moiety, suggesting an orientation for the pyranose ring of GlcNAc, if bound to PGRP-Iα, parallel to the floor of the pocket, with one face exposed to solvent. In addition to GlcNAc, all bacterial PGNs contain D-alanine at peptide position 4, absent from MTP, while some PGNs also include D-alanine at position 5 (Fig. 1A) . 3, 4 If D-alanine were present at position 4 in the PGRP-IαC MTP structure, it would probably contact residues Gln261, Tyr266 and Asn269, the latter two of which also interact with the tripeptide stem. By contrast, D-alanine Crystal structure of a PGRP in complex with a muramyl tripeptide from Gram-positive bacteria 43 at position 5 would protrude beyond the groove and thus not contribute to PGN binding.
Conserved and variable PGN-contacting residues
To date, more than 40 PGRP sequences from insects and mammals have been reported. 7 The high sequence homology among PGRP domains (~50% sequence conservation for any given pair) indicates that all adopt a very similar fold, such that the PGN-binding site of human PGRP-IαC should represent the general features of the PGN-binding sites of other PGRPs. In particular, five of the 16 ligand-contacting residues in the PGRP-IαC MTP complex (His208, His231, Tyr242, His264, Asn269) are > 80% identical among PGRPs. These residues, which form a contiguous patch on the floor of the binding groove ( Fig. 3) , account for 6 of 9 hydrogen bonds to MTP ( Fig. 2B ; Table 1 ). If one further considers that Tyr266, which is only 15% identical, hydrogen bonds to MTP through its main-chain nitrogen atom, it is very likely that all PGRPs utilize a single overall PGNbinding mode.
Besides the highly conserved (> 60% identity) PGN-contacting residues at positions 208, 209, 231, 242, 264, 269, 316 and 324, PGRP-IαC binds MTP through eight other residues having greater variability. Most notable are Asn236 and Phe237, which make van der Waals' contacts with the side chain of L-Lys (Table 1) . Sequence variability at these two positions may account for ability of some PGRPs to discriminate between Lys-type and Dap-type PGNs. [14] [15] [16] [17] [18] [19] [20] In Drosophila PGRP-SA, which like human PGRP-IαC preferentially recognizes Lystype PGNs, the corresponding sequence is Asp96-Phe97, very similar (Asn236-Phe237) or identical (Asp242-Phe243) to those in human and mouse PGRP-IaC, respectively. By contrast, the corresponding sequence in Drosophila PGRP-LCx and PGRP-LE, which recognize Dap-type PGNs, is Gly-Trp. However, the ability of PGRPs to distinguish between Lys-type and Dap-type PGNs is not absolute. For example, Drosophila PGRP-SC1B and mouse PGRP-L hydrolyze PGN from both Gram-negative and Gram-positive bacteria, 23, 30 while Dap-type PGNs activate the Toll pathway, although less efficiently than Lys-type PGNs. 17 Such cross-reactivity is not surprising, given the relatively 
*N2 is the amine N atom of IDG. Atom pairs forming hydrogen bonds are in italics.
small chemical difference between meso-diaminopimelic and L-lysine. Unlike the PGRP-IαC residues contacting MurNAc, residues lining the walls of the putative GlcNAc binding pocket (Thr209, Gly211, Val223, Ile227, Asn226, Phe230) exhibit considerable variability. This factor, combined with the relative shallowness of this pocket, make it unlikely that the GlcNAc moiety of PGNs contributes significantly to PGRP binding.
Mechanism for PGN hydrolysis by catalytic PGRPs
A number of PGRPs, including Drosophila PGRP-LB and PGRP-SC1B and human and mouse PGRP-L, [23] [24] [25] 30 are Zn 2+ -dependent amidases that hydrolyze PGNs by cleaving the amide bond between MurNAc and L-alanine. No zinc ion is present in the PGN-binding site of human PGRP-IαC, which binds but does not hydrolyze PGNs, due to substitutions in zinc-co-ordinating residues. 28 To understand the mechanism for PGN hydrolysis by catalytic PGRPs, MTP was docked into the PGN-binding cleft of Drosophila PGRP-LB, based on its close similarity to PGRP-IαC. 25, 29 A general mechanism for PGN hydrolysis by catalytic PGRPs may be proposed using this model. Acting as an electrophilic catalyst, the bound zinc ion, which is close to the O10 atom of MurNAc, accepts an electron pair from this carbonyl oxygen, polarizing the carbonyl bond and conferring an sp3 character to the C10 atom. This carbonyl carbon then becomes susceptible to nucleophilic attack by the catalytic water molecule co-ordinated to the bound Zn 2+ . Decreased delocalization of π electrons on the L-Ala N-C10 amide bond in the transition state results in greater basicity of the nitrogen atom, which facilitates transfer of a proton from Tyr78 to form a leaving group. A second water molecule then attacks the zinc ion and replaces the carbonyl oxygen and co-ordination water, thereby releasing the cleavage products. 29 
